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Abstract
Development of a Tactile Thimble for Augmented and Virtual Reality
Applications
The technologies that have gained a renewed interest during the recent years are
Virtual Reality (VR) and Augmented Reality (AR), as they become more accessible
and affordable for mass-production. The input device which allows us to interact
with the virtual environment is a very crucial aspect. One of the main barriers to
immerse ourselves in virtual reality is the lack of realistic feedback. The user has
to almost rely entirely on visual feedback without any haptic feedback, and this
increases the user’s workload and decreases the performance.
In this thesis, a functional demonstrator of a tactile feedback device which con-
veys compelling interactions with not just VR, but also AR is presented. The device
is designed such that there is realistic feedback for virtual touches and least obstruc-
tion during contact of a real object in AR applications. New design principle of
introducing small actuators allows the device to be compact and increases its porta-
bility.
In contrast to actuators that are placed on the finger pad in most of the available
input devices for VR, a tactile device with two actuators that are arranged laterally
on the finger, so that the underside of the fingertip is free is proposed. The out-
put from these actuators generate a tactile stimulus by stimulating a sense of touch,
which helps the user to manipulate virtual objects. The actuators are designed to
independently generate vibrations and this coupled tactile feedback enhances the
stimulation resulting in a wide variety of stimulation patterns for the sense of touch.
Preliminary experimental evaluation for design and location of actuators has been
carried out to measure the vibration intensity. In addition, user experiments for de-
sign evaluation of the two actuators based on different vibration patterns have also
been conducted.
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Introduction
Haptics refers to ’sense of touch’, which in every situation helps us understand
the outside world and perform various tasks. It contains good penetrable capacity
which can pass through intensive receptors present on our skin. This sense of touch
can be artificially recreated by stimulating different parts of our body (commonly
the hands) in robot teleoperation and virtual environments (VEs). It is achieved by
recreating the important features of touch to increase realism and performance.
The sense of touch appears to be fundamental to assess the properties of a prod-
uct. This has become more evident as visual and auditory feedback are not sufficient
to completely recognise the objects. The impact from the combination of sensory in-
put and haptics has definitely motivated different disciplines such as biomechanics,
computer science, medical and aeronautics to analyze force feedback with VEs. This
gives the human operators a sense of ’telepresence’, so that they feel they are di-
rectly manipulating the objects and their environment. Absence of haptic feedback
may lead to misinterpretation in the virtual world. For example, a user trying to
interact with a virtual object with the aid of visual feedback can see the contact with
the ball, but there is no barrier to stop the user from passing through the ball. It can
therefore be said that while traditional sensing methods like laser, audio and vision
sensors are fast approaching a level of saturation, further advancements should rely
on other sensing modalities. Additional sensing modalities could enhance the per-
formance and allow robust manipulation of objects in the field of teleoperation and
VR. More inputs and feedback also save energy by reducing the margin of error and
the time taken to complete the task.
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1.1 Problem Definition and Approach
Haptic interfaces are mechanical devices that help the user to communicate with a
computer system. It is in charge of reproducing what is captured in the sensation
of contact or manipulation of an object, and allows the user to touch, feel and ma-
nipulate 3-Dimensional objects in VE. A number of haptic devices exist which allow
users to communicate through the sense of touch. For interaction with 3D objects,
the haptic feedback can be divided into two groups: kinesthetic feedback and tac-
tile feedback. Kinesthetic feedback can reproduce the weight of the grasped virtual
object as well as motion constraints. Whereas, tactile feedback such as temperature
and vibrations is felt by the skin. It deals with the information that is distributed as
tactile force over the region of contact, and simulate that contact to the skin.
The goal of this Thesis is to develop a device which generates tactile actuation
on the fingertip. The device serves as a human-machine interface for virtual reality
(VR) applications and for the person wearing the device, the sense of touch can be
simulated on at least one of the fingers. This gives an impression of manipulating or
touching a virtual object. To provide tactile feedback for VR, most researchers con-
struct complex and heavy mechanical actuators for tactile stimulation on the user’s
fingers. This can have a negative effect on the user’s experience as it makes them
more aware of the cumbersome hardware on their physical body. The user is more
conscious of the feedback device due to its bulkiness, which may diminish a truly
immersive experience. Moreover, most of the vibration feedback devices use DC
motors, which have limited amplitude and frequency bandwidth. As both the fre-
quency and amplitude of vibration cannot be modulated independently, wide range
of sensations cannot be achieved.
To overcome these drawbacks, a comparitive study of the different haptic tech-
nologies is undertaken. In most of the tactile devices, the finger pads (the surface
opposite to the fingernail that has characteristic of a human fingerprint) are covered.
In terms of construction, one of the important requirement is to improve the device
in such a way that any contact with an object in the real world is obstructed as little
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as possible while at the same time, having most realistic feedback during interac-
tions in the VE. The device should be designed in such a way that the underside of
the fingertip (which is also referred to as phalanx distal) is freely accessible and can
touch objects. In other words, the underside of the finger tip first comes in contact
with an object and the device does not interfere or obstruct when the user is touch-
ing an object, nor falsify the impression of touch. Furthermore, the device should
consist of two output units and each of these output units consists of a controllable
actuator which can generate force and/or moment that is transmitted to the finger
tips. Some of the examples of different actuators are shape memory alloys, elec-
troactive polymers, piezo elements, etc. Having two different output units helps to
generate aperiodic forces and vibrations, so that the tactile stimulus can be varied
locally and in intensity over the area of the fingertip. Advantageously, this results
in further degrees of freedom for the stimulation of the sense of touch on the fin-
gertips. In consequence, having a lightweight device without any obstruction on
the finger pads makes the user comfortable to interact with virtual objects and real
objects simultaneously, without having to remove the device.
1.2 Practical Outline
The work conducted during this Thesis comprises of literature study, electronic cir-
cuit development, mechanical design and testing of a tactile device with respect to
the gathered requirements. The Thesis is organized as follows:
• Chapter 2 - "Background" gives an overview on basic subjects that are rele-
vant for this Thesis. Special terms related to haptics and human senses are
explained here.
• Chapter 3 - "Tactile Actuation Technologies" takes a closer look on different
methods of tactile stimulation, mainly focusing on vibrotactile feedback.
• Chapter 4 - "Design Guidelines and Hardware Setup" describes the design
guidelines and the hardware components necessary to develop the proposed
device.
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• Chapter 5 - "System Implementation" provides information on software devel-
opment, in which the hardware components are interfaced to perform stand
alone tests.
• Chapter 6 - "Mechanical Design" describes the construction and fabrication of
the tactile device, and explains the physical design considerations.
• Chapter 7 - "Evaluation Study" takes a closer look on how the device works in
realistic conditions, by conducting tests with different participants.
• Chapter 8 - "Conclusion" sums up the results of all the previous chapters. It
also provides interesting recommendations on future research in the field of
wearable systems and tactile devices.
5Chapter 2
Background
In this chapter, literature review relevant to current knowledge and achievements in
the field of haptic systems is carried out. The theoretical background is described
to better understand the development process within the thesis. In the first part,
the basic functioning of haptic devices and their applications is discussed. Later,
relevant literature on human somatosensory system or sense of touch is explored.
Also, different tactile actuation technologies and the functionality of existing haptic
displays is discussed.
2.1 Haptics
Haptic Human-Computer interaction is one of the forms of interaction between a
computer and a human computer user based on sense of touch. With new techno-
logical developments, the research on interaction between computers and humans is
more relevant in the recent years [BMS03]. In particular, the input devices for immer-
sive interactions with objects in VEs, leading to advancements in haptic interaction
and feedback.
2.1.1 Haptic Interface components
Unlike traditional feedback interfaces like auditory and visual information, haptic
interfaces provide humans a way to change their environment, and stimulate kines-
thetic and touch channels through mechanical signals. Therefore, Haptics is classi-
fied as one of the areas of Human-Computer Interface (HCI).
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(A) Haptic interface (B) Traditional interface
FIGURE 2.1: Comparison of haptic and traditional interfaces.
To discuss the functioning of a haptic interface, just like in any other interface,
we consider an input device and a display device. The basic difference between a
haptic interface and a conventional (regular joystick) interface can be understood
from Figure. 2.1. With the arrows representing the direction of information flow, it
is observed that a regular joystick is limited to unidirectional input to the computer.
The user almost receives no feedback information from its movements but however,
with a haptic joystick, a programmable feedback based on the sense of touch helps
with better intuitive interaction with the computer. The haptic system in combi-
nation with visual and audio systems usually contains two interfaces, a computer
interface and a human interface. The haptic system receives the control information
from the computer and sends position signals back to the computer interface. The
interface helps the user to feel the VE by providing different kinds of perceptual in-
formation. This provides the user with an integrated perception in applications such
as virtual manufacturing, medical training and entertainment.
2.1.2 Haptic Device Applications
The research and development of haptic devices for VEs is expanding and its appli-
cation spans a wide range of fields, both research oriented and commercial. Some of
the main application fields of these devices are briefly discussed below:
(a) Virtual Manufacturing In manufacturing, haptic systems can change the
traditional design and manufacturing approaches mainly based on mock-ups and
CAD, by benefiting from realistic force/torque feedback. It diminishes the gap be-
tween the real and virtual world as it helps with handling the objects intuitively
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during the virtual assembly process. It is also possible to facilitate programming of
complex manufacturing machines such as robots. [MPT05]
(b) Medical Training Medical procedures already involve the use of tactile sens-
ing to a great extent and haptic devices, with a sense of touch during virtual simu-
lation, can be used as a training alternative to provide sufficient experience. Hap-
tic interfaces can especially be useful for minimal invasive procedure and remote
surgery using teleoperators. One such device is MIMIC Technologies’s (Seattle,
USA) Da Vinci Trainer [MT19] which is already being used to train operators on
robotic surgery.
(c) Entertainment Haptic devices are already being used commercially for sim-
ulation in games, pilot simulators, automobile driving, etc. The feedback from the
haptic devices can be translated in improving the skills of players playing. Com-
mon game devices such as joysticks and game-pads are constantly being improved
to enhance the immersive experience by applying force feedback to the game player.
Some of the other application scenarios for haptic devices [HACH+04] are:
• GUIs feedback reinforcements, like buttons and pull-down menus.
• Data and science analysis, for data-mining, geology, maps
• Rehabilitation, to improve and support the conditions of disable people
• Arts and creation, for visual communication channels
• Education and training, for example, Astronaut training and other innovative
passive learning methods
• Vehicle industry, better interaction with the vehicle for more intuitive control.
2.2 Sense of Touch
The human sense of touch is the combination of two different classes of sensory
information known as kinesthesia and tactile perception. The Figure 2.2 illustrates
different senses in a human body.
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FIGURE 2.2: Human senses. Based on [Ker08]
2.2.1 Kinesthesia
Kinesthesia or kinesthetic feedback refers to the information perceived by the re-
ceptors in muscles, joints and tendons, and this information is reproduced as force
feedback in a haptic interface [CSO18]. The information contains position, torque
and weight of different body parts associated with muscles and tendons. This allows
the user to recognize the weight, inertia and motion of the grasped object [Bur96].
2.2.2 Tactile Perception
In contrast to kinesthetic feedback, tactile perception refers to sensation arising from
the skin due to contact. It is perceived through the nerve endings under the surface
of the skin and allows to process various sensations such as pressure, vibration and
temperature [JS08]. As this thesis deals with tactile stimulation, and kinesthetic sen-
sory system is not involved, focus is mainly on mechanoreceptors in the skin. An
understanding of different types of receptors on the surface of our skin and their
properties will help facilitate the types of feedback devices discussed later.
Figure 2.3 shows the general structure of a hairy human skin. Each of the layers
under the skin consists of different types of mechanoreceptors for different percep-
tions. There are four types of them: Meissner Corpuscle, Merkel disks, Pacinian cor-
puscle and Ruffini corpuscle. They are classified based on the size of receptive fields
(small (I) and large(II)) and the nerve endings they are connected to (fast adapt-
ing (FA) and slow adapting (SA)) [GWV09, Ske12]. The receptors which have small
receptive fields respond to high spacial acuity (the ability to resolve fine details).
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FIGURE 2.3: Mechanoreceptors in glabrous skin [GWV09]
As seen in the figure, the fast-adapting fibers produce neural spikes only at the be-
ginning and at the end of stimulation. While the slow-adapting fibers produce the
neural spikes during the entire stimulation period. Meissner and Pacinian corpus-
cle are rapidly adapting mechanoreceptors, which means they can quickly react to
tactile stimuli. In contrast, Merkel’s discs and Ruffini corpuscles are slow-adapting
and they slowly react to the stimuli. Table 2.1 summarizes the classification of these
mechanoreceptors and their properties. [Ver66]
Sensory substitution is the concept of communication information from external
sources (partially to replace a new sense or create a new one). The nervous system
can learn to interpret the information with subsequent training and the substitu-
tion device should be very intuitive with good information bandwidth. Similarly, a
number of devices have been developed that stimulate these mechanoreceptors in
one way or the other. Some of the most commonly used devices either use vibra-
tion or electrical stimulation. With the help of electrodes placed on the skin and by
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TABLE 2.1: Functional Characteristics of Mechanoreceptors be-
neath the human skin. Adapted from [CK12, Ske12]
Characteristics MerkelDisks
Ruffini
ending
Meissener
Corpuscle
Pacinian
Corpuscle
Adaptation
Rate Slow (SA-I) Slow (SA-II) Fast (FA-I) Fast (FA-II)
Spacial
Resolution Good Fair Poor very Poor
Median Field
Size (mm2) 11 1.4 113 n/a
Frequency
Range (Hz) 0.4 - 10 0.4 - 100 10 - 200 70 - 1000
Sensitivity
Pressure:
deformation
in spacial
structure
Stretch:
laterial
deformation
Flutter:
deformation
changes,
movement or
light touch
Vibration:
deformation
changes,
movement or
fine textures
injecting electric current, the electrotactile stimulation devices can communicate by
artificially stimulating the mechanoreceptors [IKB+03, KWByRT91]. These devices
can stimulate responses such as pressure, pain, temperature and vibration, which
can often be uncomfortable, as the current threshold required, depends on the diam-
eter of the nerve fiber and depth under the skin. A detailed study is undertaken in
the next section.
Additionally, tactile perception and tactile devices can also be classified based on
two types of stimulation, namely active and passive touch.
• In active touch, the user is in control of his/her own actions. With the informa-
tion such as surface texture and edges obtained from moving the finger over a
surface, the brain can rapidly identify the object.[Gib66]
• In passive touch, the haptic device is controlled under motor control. An ex-
ample is someone’s hand pressed against an object, where a body part that is
resting is in contact with the object. [SSCR01]
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FIGURE 2.4: Sensitivity bandwidth of a human finger. [BB96]
2.3 Haptic Feedback Systems
This section situates the work within the space of existing haptic devices. As men-
tioned in the previous section, haptic devices are typically divided into: kinesthetic
and tactile devices.
2.3.1 Kinesthetic devices
A large number of different types of haptic devices have been developed for various
applications in the last decade. One such experimental system is the Augmented
Mouse with two haptic features by Akamatsu et al. [ASM94]. One feature is the
vibro-tactile sensations by using a transducer and the other is an electromagnetic
braking system, which provides a linear, programmable physical damping. For hap-
tic feedback in a graphical user interface, a two degrees of freedom trackball like
device was developed.
Several VR Gloves have also been developed, such as the CyberGrasp Glove. The
haptic glove, shown in Figure 2.5a, is a hand-worn exoskeleton that restricts finger
motion when grasping a virtual object and thereby, integrating force feedback. The
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(A) The Cybergrasp Glove by
CyberGlove Systems LLC. [Bur00]
(B) The PHANToM Haptic Inter-
face. [MS+94]
FIGURE 2.5: Force-Feedback Haptic Devices
workspace is about 12x12in. with a radius of 20in. swept through 133◦ [LLC19].
One of the most iconic devices is the PHANTOM with combination of both force
and tactile feedback (See Figure 2.5b). Phantom allows users to feel virtual objects
by applying a controlled force to the finger. Its workspace is equal to the size of a
computer keyboard. [MS+94]
An application of surround haptics was presented by Israr et al. [IEVO09] that
uses vibrotactile actuators embedded on a chair to generate continuous tactile strokes
on the skin, for a driving simulation game. For different events such as collision, ac-
celeration and tire traction, the actuators provide different sensation.
2.3.2 Cutaneous devices
The main approach that is required to implement and evaluate during this thesis,
is the cutaneous or the tactile feedback approach for VEs. In this subsection, some
of the existing haptic displays with tactile sensation is discussed. Tactile feedback
such as vibration adds another information channel while interacting with Mobile
Augmented Reality (MAR) environment, and benefits the user moving an icon, or
touching it. Chinello et al. [CMPP15] presents a wearable tactile device (3-RRS fin-
gertip device, see Figure 2.6a), that uses servo motors to move a rigid platform under
the fingertip. The upper static body supports three small servo motors that drives
the rigid platform to provide contact deformation stimulus on the user’s fingertip.
Pacchierotti et al. presents a 2-DOF haptic device which consists of a fabric belt along
with two servo motors. As seen in Figure 2.6b, the fingertip is completely free as the
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device is worn on the finger’s proximal phalanx and this helps the user interact with
hand-tracking devices like Leap Motion. The belt is driven by the two servo motors
to provide sheer and normal stimuli to the user’s finger. [PPK15]
(A) 3-RRS Fingertip Device [CMPP15]
(B) The hRing: A wearable hap-
tic device to avoid occlusions in
hand tracking. [PSH+16]
FIGURE 2.6: Wearable Fingertip Haptic Devices
In [MPC+17], these two cutaneous devices (shown in Figure 2.6) are evaluated
based on different AR tasks such as picking and moving a virtual object, and hand
writing. The experiments use visual markers and cameras mounted on Oculus Rift
HMD for hand-tracking, creating a AR scenario. Though the 3-RSS device outper-
forms the hRing in one of the experiments, the hRing device is preferred due to its
construction as it leaves the fingertip free for real world interactions.
2.4 Chapter Summary
Though there have been a lot of progress in the integration of haptic feedback for
VEs so far, further improvements are needed more importantly in terms of resolu-
tion, frequency bandwidth and compactness to account for higher realism. In this
chapter, basic perceptive principles that are relevant for designing devices with vi-
brotactile patterns are presented. Also, some of the existing haptic devices, which
resort to different actuators to recreate the touch sensations are introduced. In the
next chapter, different actuator technologies and evaluate them, to help develop a
lightweight, easy to use and cost effective prototype for virtual and augmented en-
vironments are discussed.
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Chapter 3
Tactile Actuation Technologies
Ideally, the tactile displays should refresh in real time to keep up with the rapidly
changing inputs. This also means that the device should be able to convey new infor-
mation as quickly as the mechanoreceptors in the human skin can react. Compared
to static patterns, humans are more sensitive to tactile stimuli that are moving or
changing [DCMD00]. Therefore, the information coded by the display should also
be a simulated motion against the fingertips. To also make the display more intuitive
and easy to learn, the display should code the information can be easily interpreted.
Lastly, to ensure that the costs are low, the device should be manufacturable by ef-
ficient means and its power consumption should be consistent for portable use. In
this chapter, the different methods of tactile actuation technologies are explored, and
their advantages and disadvantages are investigated.
3.1 Methods of Tactile Stimulation
The stimulation methods can approximately be divided into three categories: me-
chanical, thermal and electrical stimuli.
3.1.1 Mechanical
Mechanical stimulation is one of the most commonly used methods on tactile dis-
plays because when compared to electrical and thermal stimulation, this has finer
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spatial resolution [XLY+17]. Also, the mechanoreceptors tend to respond to physi-
cal mechanical stimuli easily. The most common examples that belong to mechanical
actuation principle are:
• Static indentation
• Vibration
• Surface acoustic waves
• Magnetorheological fluids
Static Indentation
The most common category of static indentation information is a braille device.
Braille reader consists of different dots of braille cells that are driven up and down
by an array of stacked piezoelectric bending beam actuators. It is an excellent means
of providing text information for people who understand braille literacy. This can
be achieved by scanning the information using an optical character recognition or if
the information is electronically available as text [Fie98]. A refreshable braille dis-
play is an electro-mechanical device that displays characters by means of pins raised
through holes on a flat surface. This provides an opportunity for visually impaired
users who cannot use a monitor to read output.
Vibration
As discussed in Chapter 2, the fast adapting mechanoreceptors (Meissner and Pacinian
corpuscles) on our skin are stimulated by rapidly changing stimulus and they can
sense vibration better than static indentation [LN99]. Vibrotactile stimulation is the
most widely method of stimulation in tactile displays due to its lower threshold
of force and displacement of vibration, when compared to static indentation. As
human beings, one can distinguish vibration pulses better than our vision system.
Our vision system has a minimum time gap of 25ms as compared to the time gap
of successive vibration pulses of 5ms [GWV10]. This means that different variations
Chapter 3. Tactile Actuation Technologies 16
of vibration patterns can be effectively realized by changing the amplitude and fre-
quency of vibration to provide information with complex meaning.
Surface Acoustic Waves
The waves generated by SAW transducers can be used to provide an intuitive sen-
sation of continuous roughness on the skin. In this case, active tactile transducers
utilize standing waves and shift in friction to generate vibration. In contrast, ul-
trasonic motors are described as passive type transducers that generate vibration
directly on the user’s finger [TKMN04, NTM+01].
Magnetorheological Fluids
Magnetorheological fluids are materials that respond to magnetic field and have
been used to make tactile devices. They consist of ferromagnetic particles (1-100µm)
that are sensitive to the potential of magnetic field. They remain in liquid form when
there is no magnetic stimulus and upon application of magnetic field, the particles
align themselves parallel to the direction of the field. This causes a change in viscos-
ity and the liquid becomes a solid gel as the field increase. [SFRS04]
3.1.2 Thermal
The combination of both vibrotactile and thermal stimulation is used in various de-
vices for generating haptic sensation. A 3x3 device has been developed by [Mao14],
to produce different distributions between 5◦C and 55◦C with the help of multiple
heat sources. Thermal sensation models developed for a fingertip also shows that
the skin is more sensitive to rapid change in temperature, which leads to difficulty
in generating long duration’s of stimulation [YCHH04]. Despite these advantages,
thermal tactile displays are not well-suited to provide rich information because of
their low transition-sensing time between on/off states and low spacial resolution
[JSZM15].
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3.1.3 Electrotactile
Electrotactile stimulation (ETS) uses electric current from the electrodes in the de-
vice to provide tactile sensation to the mechanoreceptors on the skin [ST70]. These
actuators can mimic pressure and vibration without the need of mechanical actua-
tors. SmartTouch is a 4x4 tactile matrix developed to selectively stimulate Meissners
corpuscles and Merkel’s discs. The electrodes in these devices run electric pulses of
1-3 mA with a duration of 0.2 ms [KKT02]. There are also other sensory substitution
systems which employ the combination of electrotactile and vibrotactile displays
[KWByRT91]. Although these systems are simple and can be easily controlled, it
is challenging to achieve good comfort level, optimum spatial resolution and low
power consumption.
3.2 Vibrotactile Actuators
Vibrotactile actuators are the most widely researched and developed actuators, be-
cause the vibrations are easily sensed by mechanoreceptors when compared to other
kinds of mechanical stimuli. The different types of vibrotactile actuators that are
used in tactile displays are:
• Rotary DC motor
• Linear resonant actuator
• Piezoelectric actuator
• Electroactive polymer
• Shape memory alloy
• Carbon nanotube
3.2.1 Rotary DC Motor
Eccentric Rotary motors (ERM) are one of the most commonly used vibration actu-
ators, and they are used in toys, joysticks and virtual reality tactile devices. In these
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motors, there is an off-centered mass (eccentric mass) that is fixed to the output shaft
of the motor. When DC current is applied, the motor rotates and this off-centered
mass provides vibration see Figure 3.1. A large applied voltage leads to strong and
fast vibration whereas a small voltage creates slow vibration, which means that the
strength of vibration varies linearly with the voltage and current applied [BN99].
FIGURE 3.1: Eccentric Rotating Mass Vibration Motor. Image
Source: [Mic19a]
Though there are some benefits of using this type of actuator such as cost-effectiveness,
easy setup and relatively strong vibration, they have some important drawbacks.
They are not suitable for high precision tactile feedback because the rotation gener-
ated is non-directional. In addition, they are a poor candidate for high-resolution
feedback systems as their size is relatively large. Also, the other drawback includes
slower response time, in the range of tens of milliseconds.
3.2.2 Linear Resonant Actuator
Linear Resonant Actuator (LRA) generate vibrations using electromagnetic inputs.
These actuators use AC signal as input to drive a voice coil connected to a moving
mass through a spring as shown in Figure 3.2. As the voice coil moves the magnetic
mass against the spring, the entire actuator is displaced to cause vibration. The voice
coil inside the housing remains stationary and it uses the magnetic field to produce
force. Since LRAs use AC current, the amplitude and frequency of vibration can
be modified independently. These actuators work best when the input frequency is
equal to the resonance frequency of the system.
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FIGURE 3.2: Linear Resonant Actuator. Image Source [Mic19b]
LRAs have faster reaction times than rotary motors, but it is still slow for a fast
response tactile system. These actuators are mostly used in mobile phones because
of their compact size and low cost.
3.2.3 Piezoelectric Actuator
A piezo actuator bends or deforms when a differential voltage is applied across both
ends of the actuator. The current consumption in a piezoelectric actuator is low, even
though it needs higher input voltages than inertial actuators. Multi-layer piezos can
also be used to provide a stronger haptic response and a better localized feedback.
[XLY+17]. Figure 3.3 shows the schematic diagram of piezoelectric effect.
FIGURE 3.3: Schematic diagram showing piezoelectric effect,
which is reversible. The dashed line represent the original
shape, solid line represents the deformed shape. Adapted from
[MUNM19]
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Piezoelectric materials such as piezoelectric polymers, like polyvinylidene fluo-
ride (PVDF) and piezoelectric ceramics like lead zirconate titanate (PZT) are some
of the commonly used materials. The relationship between the voltage applied and
the mechanical deformation is called piezoelectric coefficient d, which is defined as:
d =
strain developed
applied electric f ield
(3.1)
Piezoelectric materials respond very quickly (microseconds) to electrical stimuli
and are often used to produce high frequency vibration. As the process of chang-
ing its shape is reversible, piezoelectric materials are often used to detect the force
applied on the material or corresponding mechanical deformation in sensors.
3.2.4 Electroactive Polymer
Electroactive polymers (EAP) are a group of polymers that change their size and
shape when electric voltage is applied, resulting in vibration. These actuators are
small with a pitch of just few millimeters and they can provide millimeter-scale ac-
tuation, with actuation times on the order of tenths of seconds [BC09]. Dielectric
elastomer actuator (DEA) are a type of EAP, which are based on electromechanical
response of a dielectric elastomer film sandwiched between two electrodes. The elec-
trostatic pressure compresses the film when voltage is applied and reduces the thick-
ness. Therefore, the electrode film is forced to expand in the planar direction. These
unique bending characteristics also allow them to mimic biological movements of
muscles and limbs. Figure 3.4 shows the principle of operation of a DEA.
EAP require voltages higher than 300V to function effectively, which is not ideal
for portable tactile devices. In addition, EAP is robust, but has slow refresh rate.
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FIGURE 3.4: When voltage is applied, polymer film compresses
in thickness. Adapted from [ZKK+04]
3.2.5 Shape Memory Alloy
Shape Memory Alloy (SMA) have the ability to change their shape when subjected to
temperature changes because they exhibit different phases of solid at different tem-
peratures. An SMA actuator of wire-type can be considered very effective due to its
high power-to-weight and force-to-volume ratio. But unfortunately, their long relax-
ation time is a disadvantage for some feedback tasks. In addition, their large power
consumption also makes it impossible to use SMA in real-time vibrational tactile dis-
play. The most common SMAs available are NiTi (Nickel titanium) or copper-based
alloys. [MMT+05, MEBA15]
3.2.6 Carbon Nanotube
Carbon Nanotube (CNT) is a smart material similar to EAP and SMA, which is used
to provide tactile sensation. One of the first demonstration of these electromechani-
cal actuators by Baughman, et. alwas based on single-walled CNTs for various appli-
cations, such as temperature insensitive material (jet engines) and micro-cantilevers
for medical catheters [BCZ+99]. Lima, et al. demonstrated CNT artificial muscles
that are strong and fast. They are powered by photonically and electrically activated
guests [LLDA+12]. Due to the ultra strong C - C bond in CNTs, they have some re-
ally good thermal, mechanical (10 fold strength vs carbon fiber) and electric (current
density is 1000 times higher than copper) conducting properties. These materials
can also be fabricated into different shapes and sizes with high aspect ratio and good
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stability, making them an ideal candidate for high performance tactile applications
[LZZ+12].
Recently, few other approaches have been made by adapting the use of multi-
walled carbon nanotubes (MWCNTs) with high mechanical strength and high con-
ductivity, and CNT-PDMS composite tactile sensors with low-cost batch production
capabilities. Caamargo, et al. [CTC+11] demonstrated an optically powered tactile
sensor by activating Braille dots made from liquid crystal - carbon nanotube (LC-
CNT) composite as seen in Figure 3.5.
FIGURE 3.5: Schematic concept of carbon nanotube (CNT) com-
posite film driven by the light source. (a) Default state: light
source is OFF. The feature is micro-stamped and high-relief dot
(b) feature is contracted when light source is ON. Adapted from
[CTC+11]
3.3 Discussion
In this chapter, various tactile actuation technologies based on their application in
the field of haptics, and their advantages and disadvantages are discussed. It is
important to choose an actuator to provide tactile feedback based on their feedback
effectiveness, power consumption, cost, complexity and other factors as shown in
Table 3.1.
Based on compactness and system complexity, the choices were narrowed down
from 7 actuators to 3 actuators. The 3 actuators decided were ERM, LRA and piezo-
electric actuators. The next deciding factors were response and durability. Based on
these two factors, the ERM were not a good fit. So, the choice was between LRA and
Chapter 3. Tactile Actuation Technologies 23
piezoelectric actuators. Though the feedback effectiveness and power efficiency of
the piezoelectric actuators were much superior to the LRAs, cost was a major decid-
ing factor and LRAs were chosen for this thesis. Also, piezos require driving signal
at a relatively high voltage up to about 200 V.
TABLE 3.1: Comparison of different vibrotactile actuators
Actuator
Technology
Feedback
Effec-
tiveness
System
Com-
plexity
Size
(mm)
Power
Effi-
ciency
Response Cost Durability
ERM - ++ 11x4.5dia -
-
(∼50ms)
++
(2-3e) -
LRA + + 10x3.6 + +(∼30ms)
++
(∼5e) +
Piezoelectric ++ + 3.5x3.5
x42
++ ++(<5ms)
-
(∼60e) +
DEA ++ + 45x38x
0.8
- +(<20ms)
-
(∼40e) ++
SMA + - 15x4x0.95 - -
+
(∼15e) +
ETS + ++ o ++ ++ ++(∼10e)
+
CNT ++ + – + - - +
In LRAs, both frequency and amplitude of vibration can be manipulated inde-
pendently by changing the AC voltage input. They are ideal for operating in specific
frequency range as they effectively work at narrow resonance frequency. They are
a good alternative to ERM motors as they can generate higher frequency vibration
(eg. 175-250 Hz) close to the frequency of the skin. The LRA also has an advantage in
terms of fast response speed and efficient energy storage and hence, enhanced haptic
performance. They are a better candidate for sharp and crisp vibrational feedback
with better start and braking characteristics when the voltage is changed. [PCH+11]
Actuators provide tactile feedback which helps in interacting with virtual ob-
jects. By choosing LRA as the actuator instead of ERM, the energy consumption has
been reduced due to the greater efficiency of the LRAs. When compared to piezo-
electric actuators, the LRAs operate at a lower voltage, thereby reducing the run-
ning cost. As tactile stimulation provided by the actuator is the main function of the
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device, choosing an actuator is very important as it affects the implementation the
entire system. The choice of hardware components and mechanical design which
are discussed in Chapters 4 and 6, are also based on the choice of the actuator.
Further research on these micro actuators is very important as they have to be de-
veloped economically with less complexity. The research on these actuators will be
beneficial for using them not only to assist people to perceive their environment, but
also for providing force and motion in microrobotics, and advance actuation in vir-
tual or augmented reality. Suggested research will also investigate how to close the
gap between macroscale forces and micro components at the MEMS scale to create
effective tactile stimuli. MEMS actuators are small, outputting adequate force and
displacement, and can surely help tackle the challenges to provide high-resolution
tactile actuation.
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Chapter 4
Design Guidelines and Hardware
Setup
Wearable haptic devices allow application of actuation and sensing to different ar-
eas of the body. While the major focus of this thesis is finger-related haptics which
naturally deals with interactions by manipulation and grasping tasks, wearability of
the device can lend towards the feedback applied on the surface of the fingertips. In
this chapter, the guidelines to design a wearable device is first discussed. Then, the
hardware components required to complete the required tasks are explored.
4.1 Design Guidelines
Some of the existing devices discussed in Chapter 2 are sometimes acceptable in
VEs but they are not the best choice for AR. This is because, in an AR environment,
the user interacts with both the virtual and real objects, and it is important to not
obstruct the user from using their fingertips to interact with the real environment.
Therefore, it is important to discuss the target guidelines that define the wearability
of a tactile device. Table 4.1 summarizes the target guidelines to design wearable
devices.
• Weight - The weight of a haptic interface device is comparable to the strength
of the skeletal support on which it is used. This makes the absolute weight of
the device sometimes misleading. For example, a device may be lightweight
when worn on the leg and becomes heavy when worn on the forearm. For
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applications in most cases, a lightweight device causes less fatigue and is in-
tuitively more comfortable than a heavy device.
TABLE 4.1: Target Guidelines for Design of Wearable Devices.
Weight Wearable devices should not be heavy and cause fa-
tigue to the user.
Comfort Wearable devices should easily adapt to the finger’s
shape and size, and should be comfortable.
Form Factor Wearable devices should not alter the body size of
the user in any way.
Impairment Wearable devices should not limit the motion of its
user wearing the device.
• Comfort - A wearable fingertip tactile device should be comfortable and easily
adaptable to the user’s finger. Often, wearing a device for long periods can
result in major discomfort and in most cases, it is also related to the weight
of the device. This is due to the pressure exerted by the device worn on the
finger. Discomfort is also caused because the haptic devices have to be fas-
tened tightly to transfer tactile cues at the points of stimulation. In regards to
adaptability, it is also important to consider the variability in size and shape
of human body parts, including the finger [BAG92]. So a wearable interface
should be designed to accommodate different finger sizes. Also, when de-
signing the actuator responsible for tactile actuation, the type of actuator and
their high torques are also important considerations for comfort. For exam-
ple, electrotactile stimulation with small electrodes that generate high current
densities can cause discomfort. Therefore, a proper design should incorporate
the position and placement of the end-effectors which are in contact with the
skin, to establish a better tactile feedback.
• Form Factor - Form factor is an important target objective when evaluating
the wearability of a device. Though compact devices are instinctively more
wearable, the absolute form factor of these devices should be compared to the
body part it is attached to. The device should be designed and shaped to fit the
respective body part and should not get in the way of its natural movement.
This employs for a smooth design of the device to fit most of the shapes and
sizes of the human body.
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In haptic devices, actuators which provide feedback information are usually
bulky and heavy. This is particularly challenging for a finger-mounted device,
because the amount of force a finger can exert with respect to its size is higher
than any other limb [MAB+19]. This is different in kinesthetic devices as they
have to allow free active motion of the user than compared to fingertip de-
vices, where the movement of the finger is not obstructed as they act on the
fingertip irrespective of the actuation system. It is precisely for this reason,
we chose to use LRAs as actuators to provide tactile stimulation’s due to its
compact form factor.
• Impairment - According to [ZP12], there are 230 joints in a human body which
are controlled by 630 skeletal muscles. This sums to a total of 244 degrees of
freedom for a human being. For this reason, impairment caused by a haptic
device is an important factor, so that a wearable device ensures correct kine-
matic compatibility with the human body and fits naturally without impairing
any actions. The devices should also be able to function without any addi-
tional voluntary action [GKS+98]. In our design, the device should employ a
configuration that minimizes interference with the finger-pad, so that the user
can also interact with real objects.
4.2 Hardware components
In this section, we will discuss the physical hardware components that were neces-
sary to develop our tactile device: what components do we need, why and what are
the specifications of these components.
The tasks the hardware components have to complete are:
• to provide adequate and correctly oriented tactile feedback to the finger
• to navigate through AR by detecting the objects in real environment.
• to alter the incoming amplitude and frequency of vibration to output different
tactile feedback patterns.
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In order to accomplish these functionality requirements, the important hardware
devices used are a IoT microcontroller, a time of flight (ToF) sensor and a motor
driver.
4.2.1 Microcontroller
The microcontroller is the most crucial part of the device, as it is responsible for
making sure that the measurement data from the sensor is received and based on
this, the actuators receive instructions from the external processor (motor driver). It
is equipped with a central processing unit CPU, an input/output system, a memory
system, a clock system and a bus system to interconnect essential components. The
microcontroller will act as a tiny computer, when implemented on the user’s wrist.
As there are many microcontroller to choose from in the market, it is often difficult to
choose one. For implementing wireless connection between the hardware in future,
ESP32 was chosen as the microcontroller during this thesis (see Figure 4.1) . It has
a wide selection of GPIO pins with high clock frequency of the CPU. Also, it is a
low-cost and a low-power system with dual-mode Bluetooth and Wi-Fi capabilities.
FIGURE 4.1: ESP32 Development Kit. Image Source: [Esp19a]
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Along with ESP32, Espressif Systems also offers ESP-WROOM-32, which is a
small size and easy to use IoT module often used for prototypes and tests. Some
of the other characteristics of ESP32 compared to other popular microcontrollers are
mentioned in Table 4.2.
TABLE 4.2: Hardware Selection: Microcontroller. Input from
[Esp19a, Esp19b]
ESP8266 ESP32
(ESP-WROOM-32)
CC32
CC3220MODSF
Xbee
(XB2B-WFPS-001)
Size (mm) 24.0 x 16.0x 3.0 25.5 x 18.0 x 2.8 20.5 x 17.5 x 2.5 24.0 x 22.0 x 3.0
Cost 8e 12e 20e 30e
SRAM 36 KB 520 KB 256 KB N/A
Work
voltage 3.0V - 3.6V 2.2 - 3.6V 2.3V - 3.6V 3.14V - 3.46V
Clock 80MHz 80MHz 80MHz N/A
Open
source Yes Yes No No
I/O:
GPIO # 17 32 21 10
ADC 1 (10-bit) 18 (12-bit) 4 (12-bit) 4 (12-bit)
DAC - 2 (8-bit) - -
I2C 1 2 1 -
Connectivity:
Wi-Fi 802.11b/g/n 802.11 b/g/n 802.11 b/g/n 802.11 b/g/n
Bluetooth - 4.2 BR/EDR +BLE - -
UART 2 3 2 1
4.2.2 Distance Measurement
During the use of the tactile device in Augmented Reality, we need a way to deter-
mine the proximity of the real object in real time. There are several ways to detect
the distance that incorporates extremely broad field of technologies such as laser,
Infrared (IR) triangulation, ultrasonic and Time-of-Flight. ToF sensors are compact,
easy to use and lightweight, which are important requirements for our device. They
also support rapid refresh rates for precise distance measurements and multi-sensor
integration. Compared to ultrasound sensors, which are also quite compact, ToF sen-
sors provide greater accuracy and faster readings while still maintaining low weight,
small size and low power consumption. [Jar83]
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The main advantages of a ToF sensor are:
• The sensor is very compact.
• The technology provides very accurate results and is very easy to use.
• It can also work in low light conditions.
• The reflectance of the object does not have any influence on the measurement.
• It is capable of measurements in real-time.
The principle of a ToF Sensor is based on computing the time a light pulse takes
to travel from sensor to the target and back. The time of flight is the time it takes
for the pulse to travel from an emitter to the target and then back to a receiver. The
distance is measured as:
distance =
1
2
cτ (4.1)
where c is the speed of light and τ is the time of flight.
To detect the phase shift between the illumination and reflection, the light source
from the sensor is either pulse or continuous wave, i.e., square or sinusoidal wave.
The most commonly used modulation is square wave as it can easily be realized by
digital circuits. Figure 4.2 shows the basic working principle of a ToF sensor.
FIGURE 4.2: Basic principle of a ToF sensor. Adapted from
[KRI06]
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Flightsense is a technology patented by STM Electronics and it solves some of
the issues such as the reflectance caused by the glass covering of the sensor. There
is a compensation algorithm for correcting this distortion as the glass has fixed op-
tical properties and is located at the same place. Another improvement is in the
outdoor performance because sometimes, the high intensity light can saturate the
sensor. This technology, with time-domain rejection and optical filtering, rejects the
ambient and lower wavelength photons enabling better accuracy. There are wide
range of products that use this technology and for our proximity range, VL6180x is
a good candidate. This sensor along with an IR emitter, also combines a range sensor
and an ambient light sensor that helps to work accurately in ultra low-light condi-
tions. It is a low-power, low-cost and easy to integrate ToF sensor. It is controlled
using I2C (Inter Integrated Circuit) communication protocol, which offers a possibil-
ity of sending back data to the master device (the Microcontroller) and connecting it
alongside other I2C slave devices such as, the motor drivers. [STM19b]
The Application Protocol Interface (API) for this sensor allows us to collect the
proximity data with two ranging modes: single shot and continuous. Due to these
two ranging modes, We will be able to use 3 different operating modes in the sensor.
• Single Shot - Polling mode: The master device will send a signal for single
measurement and then wait for the sensor or the slave to send back the result.
This mode is easy to use but CPU is always busy, which lease to more power
use.
• Single Shot - Asynchronous mode: The master device requests a single shot
measurement and regularly check if the result is ready or not. This is mostly
used in systems where CPU is synchronized by a timer.
• Continuous - Interrupt mode: Here, the sensor is continuously sending results
to the master device, which is also waiting for interrupts along with the results
of measurements. This mode helps to save power, as the CPU is free or asleep
during ranging when no target is detected within the proximity range by the
sensor.
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The sensor has a single-photon avalanche diode (SPAD) photodetector array,
which detects single photons with picoseconds resolution that is usually used to
measure targets at close distances. It incorporates a tiny laser source, a 850 nm VC-
SEL for emitting the light pulse with a focused direction and stable wave-length. The
sensor is capable of measuring distance up to 100 mm and with good ambient con-
ditions, up to 150-200 mm. For a tactile device in AR, this close range sensor is very
convenient to interact with the real environment. Figure 4.3 shows VL6180x sensor
on a breakout board equipped with regulator and level shifting, which measures
only 20x18x3mm.
FIGURE 4.3: Adafruit VL6180x ToF sensor
4.2.3 Vibrational Actuators
The third component are the LRAs used to provide vibrational tactile feedback on
the finger. As discussed in the Chapter 3, after investigating different actuators, we
came to a conclusion that LRA is a good candidate for our application. It has several
advantages like longer lifespan, low power consumption, compact size, short lags
and complex waveforms, which can essentially produce a richer haptic experience.
LRA actuator uses electric current and magnetic field to product force. The mass-
spring system in an LRA acts as a simple harmonic oscillator displaying resonance,
which means that the device oscillates at higher amplitudes at particular frequencies.
So in order to product a useful amplitude of vibration, the frequency of the input
signal must match the resonant frequency of the spring. The amplitude increases
linearly with increasing voltage while the frequency remains fixed. LRA requires an
AC signal to drive the magnetic mass and this requires a dedicated motor driver.
Chapter 4. Design Guidelines and Hardware Setup 33
However, LRAs are designed to be very efficient [Mic19b]. Both the energy loss
and the bandwidth are described by quality factor or Q and higher Q value indicate
a very narrow bandwidth but very low energy loss. Datasheets of LRAs indicate
resonance frequency ranging from 175-235 Hz, and the limit being 250 Hz.
FIGURE 4.4: LRA Equivalent Circuit. Source: [?]
The LRA fits the mass-spring-damper one DOF model perfectly, and its equiv-
alent electric circuit is shown in 4.4. Capacitor C, Resistor R2 and Inductor L2 in
parallel represent the impedance of the mechanical section, as the magnetic mass
oscillates. The overall impedance of the parallel circuit is given as:
1
Ztot
=
1
ZC
+
1
ZR2
+
1
ZL2
(4.2)
where,
ZC =
1
jωC
, ZR2 = R, ZL2 = jωL (4.3)
In Equation. 4.2, ω is the frequency. It can be seen that the impedance of the
capacitor decreases at higher frequencies, while that of the inductor increases. This
means that, at a specific frequency, the impedance’s balance out to make the total
impedance Ztot maximum. This leads to a drop in voltage and the mass oscillates
at greater force. This frequency is called resonant frequency. The LRA used in our
prototype is ELV1036, which is a y-axis linear vibrator and vibrates perpendicular
to the mounting plane. Table 4.3 shows some of the important specifications of this
actuator.
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TABLE 4.3: ELV1036 LRA specifications. [NFPMC19]
Model NFP -ELV1036AS
Vibe Force 1.8 G
Dimensions dia 10 x 3 mm
Rated Voltage AC 2.0 Vrms
Rated Operating
Current 75 mA
Resonant Frequency 205± 5 Hz
Cost 5e
4.2.4 Motor Driver
The final component that is used is the motor driver which acts as an interface be-
tween the actuator and the microcontroller. The function of the motor driver is to
turn the low-current control signal into a high-current control signal to drive the mo-
tor. In AR, when detecting objects at different distances, the vibrating characteristics
should also change in a manner that the user can recognize. This implies that the
vibration must convey more information with different vibration amplitudes and
patterns than just a simple on/off alert. Different vibration waveforms will provide
different patterns and to obtain this, the following techniques are required from a
motor driver.
• Active braking: To have a crisper vibration feedback, the actuator must be
quickly stop when the current flow is stopped. In most cases, due to the mo-
mentum of the actuator, the vibration slowly fades away after a few millisec-
onds. To improve this, the AC signal can be switched 180◦ out of phase.
• Overdrive: Overdrive supports any quick jumps in vibration intensity and im-
proves responsiveness. This is achieved by applying a voltage higher than the
actuator’s rated voltage for a short time period, but not exceeding the maxi-
mum operating voltage. There is a stronger magnetic field due to higher volt-
age, which in turn increases the acceleration of the internal magnetic mass.
Texas Instruments have produced motor drivers especially for haptics that utilise
these techniques and one of their drivers (DRv2605) is used to drive the LRAs in
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(A) DRV2605 Driver Functional Block Diagram (B) Adafruit DRV2605
board
FIGURE 4.5: Motor driver DRV2605. Source: [Ada19]
our device. It is produced on a small enough breakout board by Adafruit to fit our
specifications for a wearable device (see Figure 4.5b). It allows detailed and precise
vibrations with the help of smart-loop architecture and it uses I2C communication
bus, which will also help us easily integrate the driver to the microcontroller along
with other slave devices. The functional block diagram of DRV2605 is shown in
Figure 4.5a.
Since the address of DRV2605 cannot be changed and it can drive only one ac-
tuator at a time, two DRV2605 motor drivers are used to drive two LRAs. DRV2605
also has a auto resonance tracking feature, which means it will always drive the sig-
nal to match the resonant frequency, irrespective of the mounting surface. It also has
an in-built library with different vibration effects such as clicks, ramps and buzzes.
These are mostly used for creating notifications and alerts, but are not suitable for
biorhythmic patterns. Rather, PWM input signals are used to create our own effects,
which can accurately control haptic strength and duration.
4.3 Chapter Summary
The wearability of haptic interfaces has extended the scope of haptic technologies.
In this chapter, the important guidelines that are required to design a wearable fin-
gertip tactile device were discussed. The guidelines are important not only for the
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physical design, but also to select the hardware components, as they are directly
influenced by these target guidelines like weight, comfort, form factor and impair-
ment. The main component is the microcontroller used as a controlling device that
executes programs to control other slave devices. Based on our requirements, ESP32
was chosen, which is a small and powerful microcontroller. The other main com-
ponents implemented are the ToF sensor and the motor driver, which are used to
measure distance to real objects in AR and drive the actuator respectively. The ToF
sensor, VL6180X, is a very compact and easy to use sensor accurate at close distances.
This makes it possible to easily gauge the object distances and interact with the en-
vironment easily. DRV2605 is the motor driver that selected to drive the LRAs and
also obtain different vibration patterns. The driver also employs techniques such as
active braking and overdrive for crisp vibrations. As LRA relies on AC voltage to
drive the mass, DRV2605 is used with a PWM input signal and duty cycle to change
the amplitude of vibration, and output different vibration patterns.
Chapter 5 details the hardware integration of the different hardware components
selected and the implementation of software to execute different tasks to produce
vibrotactile actuation.
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Chapter 5
System Implementation
Chapter 4 provided an overview of the required guidelines to design a wearable
tactile device and the hardware components to develop a functional prototype. The
prototype developed consists of four main hardware components: ESP32 Microcon-
troller, ToF sensor, Motor driver and LRAs.
In this chapter, the above considerations are extablised into a specific design by
implementing the software and the decisions made during the software develop-
ment process are illustrated. Also, the complete integration of hardware components
to drive the actuator based on the measurement from the ToF sensor is discussed.
5.1 Software Development
The Software development section is divided into two parts - proximity sensing with
the ToF sensor and vibration pattern generation with DRV2605. The development
environment used is Arduino IDE, which is a cross platform written in functions
from C and C++. It is an open-source prototyping platform for rapid prototyping of
embedded systems and wearable applications. It also supports wireless data trans-
fers, such as over Wi-Fi or Bluetooth and deployment of code to the microcontroller
is quite streamlined.
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5.1.1 ToF Sensor Interface
As discussed in Chapter 4, ToF sensors are one of the most suitable sensors to mea-
sure the distance to various objects in close proximity. VL6180X breakout board from
Adafruit is used, which has an onboard 2.8 V regulator. This means that if voltage
greater than 2.8 V is sent, it will automatically shift down the voltage without dam-
aging the board.
VL6180X uses I2C communication protocol, which means it uses two lines to
communicate with the master device (microcontroller). SDA or Serial data is used
to send and receive data between the master and the slave. SCL or Serial Clock
carries the clock signal. The information is packed in an 8-bit packet followed by an
acknowledge bit, and the data is transferred bit by bit along the SDA line.
FIGURE 5.1: I2C data transfer protocol. Adapted from
[HDCD11]
The data transfer protocol of an I2C bus is shown in Figure 5.1. After the start
condition, the first 8 bit sequence which indicates the slave address, is sent to the
slave(s). The acknowledge bit follows this 8-bit sequence and then, the address for
the internal registers of the slave devices are sent. After this addressing sequence,
there is one of multiple 8-bit data sequences until the data is completely sent and the
stop condition is called.
Figure 5.2 shows the pinout configuration of VL6180X. Vin and GND have to be
connected with voltage level between 3-5V and common ground respectively. The
I2C wires SDA and SCL are connected to the I2C pins on the Microcontroller, in our
case, to GPIO pins 21 and 22 respectively (see Figure 5.6) .
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FIGURE 5.2: VL6180X pinout diagram. Source: [STM19a]
The source code is based on the example code provided by the supplier of the
sensor. The operation mode of the VL6180X sensor can be set by writing into differ-
ent chip registers, which can be found in the datasheet [STM19a]. The sensor is ini-
tialized and an absolute range reading is obtained by reading the registerRANGE_VAL,
which returns the actual range in mm. Because the maximum operating frequency
is 400 Hz, a timer is implemented to update the value frequently. The code for the
read function is mentioned below:
1 void VL6180X_Read () {
int range;
3 WriteByte(RANGE_START ,0x03); %0x01 for single shot mode
if (! (read8(INTERRUPT_STATUS) & 0x04))
5 range = ReadByte(RANGE_VAL) %Read Range in mm
WriteByte(INTERRUPT_CLEAR ,0x07);%clear all interrupts
7 Serial.println(range); %Print range value
return range;
9 }
\label{list :5.2}
LISTING 5.1: VL6180x - Range Reading
For single-shot mode, the register RANGE_START (0x018) should be set to 0x01.
All the register addresses and functions which are relevant to our data collection are
declared in the header file (.h) found in Appendix A.
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5.1.2 Motor Driver Interface
LRA is used to provide tactile stimulation at the fingertip and to drive these LRAs,
the motor driver DRV2605 is implemented. It is designed to provide extremely flex-
ible haptic control of LRA actuators over I2C communication protocol.
FIGURE 5.3: DRV2605 Pin Configuration.
Source: [Ada19]
The driver relies on the back-EMF that is produced by the actuator to provide
a closed loop system. This increases the actuator performance in terms of the start
time, brake time and acceleration consistency. It also has a PWM interface mode
with the control range of 0 - 100%. The pin configuration of DRV2605 is shown in
Figure 5.3. The breakout board from Adafruit consists of a voltage regulator and a
0.1 µF capacitor. This allows us to give the same power to the board as the logic level
on the ESP32, which is 3.3 V. The SDA and SCL pins also have 10K pullup resistors,
to provide a default start to the signal line and restore the signal back to high level.
Table 5.1 describes the pin functions of DRV2605.
TABLE 5.1: DRV2605 Pin Functions
Pin Description
VDD Supply input to power DRV2605 (2.2-5.5 V)
GND Supply ground
IN/TRIG multi-mode signal input, PWM or analog
OUT+ Positive motor differential output
OUT- Negative motor differential output
SDA I2C Data
SCL I2C Clock
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The supply input pin VDD is connected to the power supply of 3.3 V. The SDA
and SCL lines are connected to the corresponding I2C pins on the ESP32, i.e., GPIO
pins 21 and 22 respectively. The driver accepts PWM data from the master device
at IN/TRIG pin, when driving in the PWM interface mode. The actuator is con-
tinuously driven in the PWM interface mode till the user sets another interface or
standby mode. In standby mode, duty cycle determines the strength of vibration.
Figure 5.4 shows the standard wiring diagram for typical haptic implementation us-
ing a PWM interface.
FIGURE 5.4: I2C Wiring with PWM Input Interface using
DRv2605.
Pulse-width-modulation or PWM, which means switching the current on and
off in rapid succession, is an effective way to control the actuator. The ratio of on-
off times define the effective voltage supplied to the motor, which in turn controls
the strength of vibration. The internal PWM generator of the microcontroller allows
values from 0 to 255, where the maximum value corresponds to approximately 4V.
At this voltage, the motor reaches its peak vibration strength and frequency aver-
age of about 210 Hz. The specifications of different registers and their addresses are
taken from the Datasheet [Ada19] and an Arduino class is generated combining all
the relevant functions of the driver. The initialization function used to initialize the
motor driver can be found in Appendix A. The bits in the control registers are re-
sponsible for reducing the actuator brake-time performance, improve brake stability
and increasing back-EMF gain. Higher values on these prove less-stable operation
but the default values should provide really good performance for most actuators.
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The optimum drive time for an LRA can also be set using the CONTROL1 register,
which is given as:
Optimum drive time (ms) = 0.5 ∗ LRA Period
=
0.5
205 Hz
= 2.4ms
(5.1)
The optimum drive for an LRA with resonant frequency of 205 Hz is approxi-
mately 2.4 ms. The header file (.h) containing all the relevant registers and functions
can be found in Appendix A. As mentioned earlier in Chapter 4, DRV2605 contains
smart loop architecture, which includes an Automatic Level Calibration feature. The
driver has the capability to monitor the back-EMF behaviour of the actuator, as the
level of back-EMF voltage varies across different actuators based on mechanical con-
struction. This feature compensates for this variation and allows the output level
to increase above the rated voltage for automatic overdrive and braking, without
allowing it to exceed the specified overdrive clamp voltage. The function which
defines the auto-calibration procedure settings is mentioned below:
void motor_autocal () {
2 _wire ->begin();
writeRegister8(MODE , 0x07); %Set to autocal mode
4 writeRegister8(RATED_V , 0x03); %2Vrms writeRegister8(
CLAMP_V , 0xA0); %2.82 Vpeak
%Set default LRA drive time and sampling time
6 writeRegister8(REG_GO , 0x01) %Start auto cal %read and
store values to EEPROM
uint8_t ACalComp = readRegister8(CAL_COMP); uint8_t ACalBEMF
= readRegister8(CAL_EMP);
8 uint8_t BEMFGain = readRegister8(FEEDBACK & 0x03);
}
LISTING 5.2: DRV2605 - Auto-calibration procedure for LRA
The value stored in the register CAL_COMP compensates for resistive losses in
the driver and register CAL_EMF is the back-EMF voltage level of the actuator when
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driven at the rated voltage. With these values, the appropriate feedback coefficient
and feedback gain is determined by the the driver during playback, allowing for
better response time and acceleration.
5.2 Arduino Integration
The next step is to integrate the ToF sensor and LRA to provide vibrational feedback
based on the readings from the distance sensor. The motor driver DRV2605 is also
now calibrated to drive the actuators efficiently with:
• Stronger vibrations operating at resonant frequency
• Low power consumption with auto resonance
• Overdrive and braking provides crisp vibrations
FIGURE 5.5: Flowchart of the proposed prototype.
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To provide an intuitive feedback, the actuators vibrate inversely to the object
distance, i.e., closer to the object, the higher the frequency of vibration. The ToF
sensor VL6180x has a narrow field of view (approximately ±12.5◦), but it is very
precise without any double imaging and linearity problems. Figure 5.5 shows the
schematic flowchart for actuations on the finger based on the distance of an object in
AR.
As mentioned, I2C protocol can be used to control multiple slave devices si-
multaneously by one master device. As both the ToF sensor and the motor driver
have different addresses, they can be connected to the same I2C communication line.
With this method, it is possible to connect up to 128 devices serially communicating
with the microcontroller. The microcontroller is able to differentiate between the
addresses of these two slave devices and communicate with them independently.
The wiring diagram of the entire setup is shown in Figure 5.6. The IN pin on the
DRV2605 is connected to one of the GPIO pins on ESP32 to output PWM signals.
FIGURE 5.6: Circuit Diagram for Adafruit VL6180x and
DRV2605 using I2C.
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Following the declaration of variables and functions as discussed in Section 5.1,
the serial connection between the devices is initialized as mentioned below:
1 void setup() {
Serial.begin (115200); %Initialize serial connection
3 % ---------Initialize Adafruit VL6180x sensor -------------
if (! vl6180x.begin ()) {
5 Serial.println("Sensor not detected \t");
while (1);
7 }
Serial.println("Sensor Initialized!");
9 % ---------Initialize Adafruit DRV2605 driver -------------
motor.begin();
11 motor.autocal (); %start auto cal
motor.setMode(MODE_PWMANALOG); %set LRA - PWM mode
13 }
LISTING 5.3: Setup Procedure
As stated, the driver uses PWM as an input to control the voltage to the actua-
tors. The ToF sensor reading is re-mapped to the delay time between two pulses, so
that the frequency of vibration increases as the distance to the object decreases. The
source code to the main loop can be structured as:
1 void loop() {
int distance , delay;
3 int delay;
int pwmValue = 190;
5 distance = vl6180x.Read(); %read the distance
delay = map = (distance ,0 ,250 ,50 ,300) %remap distance to delay
7 if ((distance >=40) && (distance <250)){
analogWrite(PWM_PIN , pwmValue); %
9 delay (50);
analogWrite(PWM_PIN , 0);
11 delay(delay);
}
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13 else if (distance < 40) { %condition for very close
proximity
analogWrite(PWM_PIN , pwmValue);
15 }
delay (2); %delay of 2ms for ADC to settle
LISTING 5.4: Read Distance value and Vibration
The distance to the object is measured by the sensor using the READ function, as
described in Listing 5.4. Using the map function, the analog input from the sensor
which takes the value between 0 to 200 is re-mapped to the values between 50 to
300. These new values represent the delay time during the off cycle of the vibration
motor and is used to set the PWM frequency. The amplitude of vibration is kept
constant by writing an analog value using analogwrite() and delay time changing to
a new value depending on the measurement from the ToF sensor. Even though the
PWM generator allows values between 0 and 255, where 255 corresponds to peak
vibrational strength, the PWM value to 190 for pleasant vibrations. As the object
gets very close and the analog reading from the sensor is below 40, the actuator
vibrates without any delay. This notifies the user that the object is at a very close
proximity.
5.3 Chapter Summary
In this chapter, the software development process based on the functionality of the
device was discussed. The development process was initially be divided into two
sections, namely, the ToF interface and the motor driver interface. The initialization
and functions implemented to measure the distance and drive the actuator with dif-
ferent delays are also described. Lastly, the two devices are integrated together to
provide vibration patterns based on the measurement from the ToF sensor.
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Chapter 6
Mechanical Design
As discussed in Chapter 3, the sense of touch in humans is composed of different
types of mechanoreceptors that are sensitive to modalities such as vibration and
pressure. The simultaneous stimulation of these receptors enables us to interact with
the virtual and real environment, through actions like touch and grasping.
This chapter presents the mechanical construction of the fingertip tactile de-
vice. As discussed, one of the subgoals of this thesis is to develop a compact and
lightweight device, which provides vibrational feedback during interactions with
objects in the virtual environment. First, the stimulation points on the finger are
investigated to understand the location and placement of the two actuators. Then,
the materials and parameters of the 3D printing process are discussed, which are
important to fabricate the device. Lastly, the chapter concludes with the mechanical
design based on the different requirements to build a functional prototype.
6.1 Fingertip Stimulation
Human fingertips are one of the most sensitive skin areas of a human body. Just un-
derneath the epidermal ridges (fingerprint region) of the finger are mechanorecep-
tors that respond to tactile stimulation. The fingertips are also primarily involved
in manipulation and grasping of objects in our environment. Due to this, there is
a specific interest in the design of tactile interfaces for fingertips. The studies that
have been conducted in this Thesis so far provide different guidelines to design a
fingertip tactile device.
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FIGURE 6.1: Location of Vibration Stimulation [Ada19]
Based on these guidelines, the two points of stimulation on the fingertip are pro-
posed (see Figure 6.1) based on the following reasons:
• The device developed should hinder the underside of the fingertip consisting
of the epidermal ridges as little as possible. This enables the user to interact
with real objects without removing the device.
• The stimulation points should be close to the fingerprint region, which is one
of the most sensitive areas of the human body.
• The stimulation points must be far apart from each other, so that the receptive
fields do not overlap with each other. This enables localised vibration from
both the actuators which can be perceived independently, resulting in higher
degrees of information to the user.
6.2 3D Printing
3D Printing, also called additive manufacturing, includes the design of the object in
a CAD environment and then, manufacturing it with a 3D printer. Makerbot Repli-
cator 2 printer from Makerbot Industries (Figure 6.2b) was used for developing the
prototype, which works on the principle of Fused Deposition Modeling (FDM). In
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FDM process, the product is built layer-by-layer after the 3D model is converted into
a G-Code; code in which the model has been mathematically sliced and coordinated.
It is an effective method to fabricate a working prototype in terms of cost and time
consumption. Figure 6.2a shows the basic idea of FDM printing process.
(A) FDM printing process. [KGPS17] (B) Makerbot Replicator 2. [Mak19]
FIGURE 6.2: 3D Printing
One of the most important aspects in 3D printing is to select the material that
is used, which has a big impact on the final product. The materials have differ-
ent properties that are chosen to meet our needs. The important factors for better
user’s acceptance and experience of a wearable device is comfort and adaptability,
as discussed in Chapter 4. Adaptability refers to the possibility of the device to fit
different shape/size of a finger. Comfort involves acceptance of texture and weight,
enabling users to have natural movements while performing the tasks without any
constraints. Thermoplastics are very well suited for functional applications because
they have good mechanical properties and high impact resistance [SD19]. Thermo-
plastics such as ABS and Nylon are also widely used with injection molding process
to produce wearable devices in mass production. In order to fit different finger sizes
and achieve a proper fit, a flexible thermoplastic material was used which permits
the device to be flexed under load.
Polypropylene (PP) is a flexible 3D-print material that can be flexed easily as
they it is elastic in nature. It has advantages over standard 3D printing filaments
like PLA, with good flexibility and lightweight characteristics. PP also has better
resistance to deformation under load, which qualifies it to fit different finger sizes
that assume additional bending. It has the lowest density among commonly used
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materials and good strength to weight ratio, to withstand higher loads. Due to its
semi-crystalline nature of PP, it solidifies differently after cooling resulting in warp-
ing. So it is important to have the right Slicer settings to ensure a good print quality
[YTL+17].
Slicer Settings
Slicer is a 3D printing software that takes CAD model as the input and cuts it onto 3D
printing layers. Then, all the information is bundled up in a G-Code which is sent to
the printer. Simplify3D software was used to customize the 3D printer settings. The
recommended bed and extruder temperatures to print PP are 90◦C and 220-240◦C.
Some of the other settings which are important for a good print quality are:
Extruder Settings
Most of the problems that occur during a 3D printing process is during the filament
extrusion. Therefore, some of the adjustments made to the extruder settings (see
Figure 6.3) are:
• Extrusion multiplier: This controls the rate of flow of material from the ex-
truder. The value of extrusion multiplier was set to 1 (100%).
• Retraction distance: As the extrusion temperature of PP is higher than materi-
als like PLA or ABS, it is important to determine how much filament is pulled
out when nozzle is retracted. Therefore, the retraction distance was increased
to 6mm to avoid oozing of the filament from the nozzle.
• Coasting distance: High print temperature of PP may result in overextrusion,
which means that some extra filament is extruded. The coasting distance will
help to compensate some of this extra material to avoid defects.
Layer Settings
The FDM printing process builds a part layer-by-layer, due to which the thickness
of each layer will determine the resolution of a print. PP is prone to warping due to
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FIGURE 6.3: Extruder Settings for PP in Simplify3D Software
material shrinkage, and this causes the corners to lift up from the build plate. One of
the ways to avoid warping is to have a heated build plate set to the temperature just
above the point where the material solidifies. This helps the material to be connected
to the build plate without solidifying. Another way to make sure that the material
sticks to the build plate is by controlling the first layer speed. With low initial layer
speeds, the material has enough time to adhere to the plate.
6.3 Mechanical Structure
A mechanical structure was designed and developed for a modular tactile device
based on the design guidelines. The prototype was designed to fit on the distal pha-
langes of the index finger, specifically for the user to be able to touch real objects
without any hindrance and also, to interact with objects in VE by means of vibra-
tional feedback. The device consists mainly of three parts: the main body, actuators
and the lever arms to position the actuators. By taking advantage of rapid prototyp-
ing, it was possible to design and print several different iterations to ensure a func-
tional prototype at the end. Some of the early prototypes were designed to test the
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right fit on the fingertip and the placement of the two actuators. These designs can
be found in Appendix B. When the actuators are directly placed on the main body,
the vibrations are transmitted through the entire structure and the stimulation’s are
not localized. After the assessment of the initial prototypes, a functional prototype
of the tactile display was developed (see Figure. 6.4). In this prototype, the actuators
are located on either side of the main body to provide stimulation using lever arms.
FIGURE 6.4: CAD model of the Functional Prototype
The device uses two different methods for tactile stimulation on either side. On
one side of the device, the vibrations from the actuator transmits high-frequency
repeated stimulation through the lever arms. As the actuator vibrates along the
longitudinal axis, the motion is transmitted through the hinge to the contact area
on the lower side of the device. On the other side, the actuator is positioned on the
lower side such that, it is in direct contact with the skin to provide stimulation. The
lever arms are mainly used for two reasons.
• First, if the actuators are in direct contact with the main body, the vibrations
are transmitted throughout the fingertip and localised vibrations cannot be
perceived.
• Second, the device dimension is minimized on the bottom and the sides of
the finger as the actuators are placed on the top side of the device (i.e., on the
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fingernail side). Due to this, there is also freedom of movement, and space
between the device and the adjacent finger.
The main body and the lever arms are printed using the 3D printer. As discussed
in Section 6.2, a flexible material was used to print the main body to accommodate
different finger sizes. The inner radius of the body which clamps onto the finger, is
based on the average width of the index finger for a human, i.e., 16 - 20 mm in most
adults [DRS03]. As the lever arms are small in size and require high resolution 3D
prints, it was difficult to print with the flexible material. Hence, PLA was used to
print the lever arms, which has good strength and durability. It is also very easy to
print small parts with PLA.
6.4 Chapter Summary
In this Chapter, the mechanical construction of the fingertip device based on dif-
ferent functionality requirements was presented. As two actuators are used on the
device, the points of stimulation are first investigated. The requirement of a flexible
filament to print the main structure of the device was also discussed.
The functional prototype was developed with a hinge mechanism to transmit the
vibration via the lever arms. In the next chapter, the two different methods imple-
mented for tactile stimulation to determine the optimal design in terms of placement
of the actuators are compared and evaluated. Any reduction in tactile stimulus due
to the transmission of vibration via a lever arm is also investigated.
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Chapter 7
Evaluation Study
In Chapter 6, we presented two different methods for tactile stimulation on either
side of the device. It is now important to evaluate them based on the functional
requirements of the device. In this Chapter, we discuss the evaluation tests con-
ducted to investigate the placement of the two actuators. The evaluation study is
divided into two sections. First, we measure the maximum force that is applied on
the stimulation points by these two methods. Second, a subjective evaluation with
a small group of participants to compare the intensity and localization between the
two methods is analyzed.
(A) Functional Prototype of the tactile
device to compare the two methods of ac-
tuation
(B) Prototype on a BioTac sensor to measure the
force applied
FIGURE 7.1: Haptic Thimble Prototype
To simplify for better understanding, we use the terminologies Method 1 and
Method 2. ’Method 1’ is the transmission of vibration through the lever arm, in
which the actuator is positioned on the upper side (fingernail side) of the device.
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’Method 2’ is the stimulation due to direct contact of the skin with the actuator posi-
tioned on the lower side of the device (fingerprint side) (see Figure 7.1a).
7.1 Technical Evaluation
The maximum force applied by the two methods was measured using a BioTac tac-
tile sensor by SynTouch Inc.(see Figure 7.1b). The BioTac consists of three different
sensors to detect temperature, contact and surface properties of the touched object.
Figure 7.2 shows the sideways cross-section with the technical structure of BioTac
sensor. The first sensor is a hydro-acoustic pressure sensor that measures the pres-
sure of the incompressible conductive field inside the flexible silicone skin. Microvi-
brations are also measured by providing a high-pass filter version of this data. The
thermistor is the second sensor used to measure the temperature, which is also high-
pass filtered to provide thermal flux. The third sensor is a set of 19 electrodes, which
are placed on different locations of the BioTac’s surface to detect impedance changes.
[FLL13]
FIGURE 7.2: A schematic diagram of a BioTac biomimetic tactile
sensor. Source: [SFYL12]
The microprocessor inside the BioTac samples and digitize all the values from
the sensors at 12 bits. The communication between the BioTac and PC is done using
Serial Peripheral Interface (SPI) interface. The responses from the sensors are read
individually by the host and displayed on the BioTac GUI Software.
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To measure the force of actuation produced by the two methods, the Arduino in-
terface implemented earlier in Chapter 5 was instructed to send similar PWM signal
to both the actuators. The magnitude of forces from both the methods displayed in
the BioTac software are as shown in Figure 7.3
(A) Magnitude of force by Method 1 (B) Magnitude of force by Method 2
FIGURE 7.3: Force Measurement using BioTac sensor and its
software
The DC Pressure (Pdc) or static pressure read from the sensor represents both
the normal and shear force. The Pdc value increases linearly with the fluid pressure.
As seen in Figure 7.2, it has both high and low values due to distortion of the fluid
in both directions when a force is applied. It can also be observed that the fluid
distortion or range of Pdc is higher in Method 1 than in Method 2, which implies that
the force of vibration transmitted through the lever arm is greater than the force of
vibration due to direct contact of the skin with the actuator. In other words, Method
1 is more effective in terms of force and intensity when compared to Method 2.
Pressure is defined as force over area. So, when the force is applied on a smaller
area in Method 1, the impact on the skin feels an increased applied force. This is
simply because it has less area to dissipate the same amount of force. In Method 2,
the force is applied over a larger surface area when the actuator is in direct contact
with the skin. Therefore, using Method 1 as the primary way for tactile stimulus will
provide better localized vibration and higher vibrational force.
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7.2 Subjective Evaluation
The objective of this subjective evaluation was to evaluate the ergonomics of the
prototype device and also compare the placement of the actuators based on:
• the intensity of vibration, which is directly related to the force applied on the
skin.
• the localization of vibration.
Methods
Task: The task was to compare the intensity and localisation of vibration between the
two actuation methods. The participant wears the device on the index finger in both
the conditions and the actuators on both the sides stimulate with different vibration
patterns. During the experiment, the user was not previously informed about which
actuator will be actuated before starting the actuator. This helped us evaluate the
study without any bias. The experiment was also performed by fitting the device in
the other direction, where the positions of the actuation methods are reversed. This
was done due to the fact that, some participants may have higher sensitivity on one
of their fingertip than the other. By reversing the device and repeating the experi-
ment, this will be negated to a great extent to evaluate the two methods accurately.
Participants: Nine right-handed participants and one left-handed participant of the
DLR community took part in this study. Four of these participants had previous ex-
periences with haptic feedback systems.
Metrics: For each condition, we recorded the participant’s score on the scale of 1 to
7. Then, we measured the user’s sense of discomfort and other aspects of perfor-
mance using the NASA Test Load Index (NASA-TLX) assessment tool [Har06] . (See
questionnaire in Appendix C)
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FIGURE 7.4: An overview of the user evaluation procedure
Procedure: We first introduce the participant to the purpose of evaluation and pro-
vide the outline of this thesis. Second, we present an overview for the tasks and
explain how the participants has to score for each condition. As mentioned previ-
ously, the tasks were not explained in detail initially so that the scores are unbiased.
Third, we fit the device on the index finger of the participant and ensure it is com-
fortable. Fourth, we start the experiment by giving input to the actuators in different
patterns, during which the participant was asked to provide the scores. Fifth, we
ask the participant to repeat the same conditions after changing the direction of the
device. After the experiments, the participant was asked score the device based on
fatigue and comfort. Lastly, we ask the participant to fill out the Performance Assess-
ment Questionnaire while still wearing the device. An overview of the procedure is
shown in Figure 7.4.
Result
The total number of questions completed by all the participants were 140 questions
(10 participants x 7 questions x 2 change the direction). It took about 20 minutes for
each participant to complete their entire evaluation.
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Experiment: An experiment was conducted to compare the two methods of actua-
tion based on localization and intensity of vibration perceived on the fingers. There
was a significant difference in the scores for both the methods. The following three
questions yielded the most important results:
• Q1. How easy was it to perceive the location of vibration?
• Q2. How is the intensity of feedback?
• Q3. Did the device cause any fatigue due to weight?
• Q4. Did the device cause any discomfort due to vibrations?
• Q5. Which method provides better vibration localization?
The participants were asked to rate these questions on a Likert scale of one to
seven. The users clearly had a better feedback experience from Method 1, due to
good intensity (M=4.7, SD=0.9) and better localized vibration (M=4.75, SD=1.7) as
seen in Figure 7.5a. The fatigue caused by the overall device has very low scores
(M=1.6, SD=0.6), verifying that the device was well received in this regard . Also, in
terms of better localization of vibration on a different y-axis scale (see Figure 7.5b),
Method 1 has a better score when compared to Method 2 (M=4.8, SD=1.67). Table 7.1
summarizes the results of the NASA-TLX questionnaire for 10 participants. These
studies confirm the suitability of the concept and clearly underline its potential for
the use as wearable haptic device in various mobile haptic applications, in particular
for augmented haptic feedback.
TABLE 7.1: Nasa-TLX workload scores. min value=1, max
value=20
Dimensions Mean Standard Deviation
Mental Demand 4.5 2.34
Physical Demand 4 2.4
Temporal Demand 2 1.33
Effort 2.5 2.92
Frustration 1.5 1.28
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(A) Result for intensity and fatigue. Q1 (1)and Q2(1) are
scores for Method 1. Q1 (2)and Q2 (2) are scores for Method
2.
(B) Score to compare the localization of vibration
of the two Methods. The scale on the y-axis goes
from Method 2 to Method 1 as it increases.
FIGURE 7.5: Result to compare the localization of two Methods
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These studies confirm the suitability of the concept and clearly underline its po-
tential for the use as wearable haptic device in various mobile haptic applications,
in particular for augmented haptic feedback.
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Chapter 8
Conclusion
In order to develop a functioning prototype of a fingertip tactile device, an exhaus-
tive study was conducted. Existing haptic devices were investigated and the various
tactile technologies were studied. The devices were found to be bulky and did not
provide support for interacting with both virtual and real objects simultaneously. To
achieve compactness, various actuation technologies were compared and linear res-
onant actuators were found to be a good candidate. Also, power efficiency of LRAs
were better compared to the other actuators.
After choosing the actuator, to develop the tactile device, four design guidelines
were followed. They were weight, comfort, form factor and impairment. ESP32 mi-
crocontroller was chosen due to its compactness, low cost and low power consump-
tion. Time-of-Flight (Adafruit VL6180x ToF sensor) sensor was also used to measure
the distance to the real objects when working in augmented reality. The LRA used
in our prototype is ELV1036, which is a y-axis linear vibrator and vibrates perpen-
dicular to the mounting plane. The frequency range of this particular LRA is 205± 5
Hz, which lies within the bandwidth of the frequency of the skin. To drive this LRA,
motor driver DRV2605 from Texas Instruments was chosen. The main advantages
of this driver are precise vibrations due to active braking and smart-loop character-
istics. It also uses I2C communication lines which helps with easier integration with
the microcontroller.
The functions for ToF interface and motor driver interface were developed using
C++ language. The functions developed for the ToF interface were used to measure
the distance of the real objects and that developed for the motor driver interface were
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to drive the LRAs at the resonant frequency and the required vibration patterns.
These two interfaces were later integrated with the microcontroller using Arduino
program.
To achieve higher degrees of freedom of sense of touch and increase accuracy,
two LRAs were used on either side of the fingertip. Optimum location for place-
ment of LRAs was decided based on various criteria. For the functional prototype,
different 3D printing materials were considered. Polypropylene was chosen due to
its higher strength to weight ratio and flexibility.
The functional prototype was developed with two different methods of tactile
actuations. First method was the transmission of vibration through lever arm and
the second method was tactile stimulation due to direct contact of the skin with the
LRA. Both technical and user evaluation studies were conducted on the two meth-
ods. In the technical evaluation, a BioTac sensor was used to measure the pressure
at the contact points of the LRAs. It was observed that better vibrational force and
localized vibration was found in the first method. For the user evaluation, 10 partici-
pants were asked to describe the localization and intensity of vibration from the two
methods. The participants were asked to rate these questions on a Likert scale of one
to seven. The users clearly had a better feedback experience from Method 1, due to
good intensity and better localized vibration. In addition, the users did not feel any
discomfort or fatigue upon wearing the device on the fingertips. This was due to
the lower weight and better fit of the tactile device, which was one of the important
design criteria. Both these studies proved that method which uses the lever arm to
transmit the vibration yielded the best results.
The overall results indicate that that functioning device is a promising start to
interact simultaneously with virtual and real objects. On the whole, the proposed
device is a cost effective and lightweight device, with two actuators that can produce
enough force on the skin to sense different tactile modalities.
Chapter 8. Conclusion 64
8.1 Future Work
This thesis introduced a functional demonstrator during the initial concept phase.
There are some of the aspects which were not included in this initial prototype and
can be delegated as future work. One of these aspects is the integration of a 3D
virtual environment. A simulation with common test scenarios can be developed,
which can be coupled with the hardware. The device can also include a motion
tracking system to engage and interact with the virtual world.
Further changes in the hardware setup such as, reducing the wiring and design-
ing a new PCB without the breakout boards can make the system more compact
and easy to integrate. It will also result in ease of movement and reduce the weight
even further. It is also possible to implement wireless communication between the
components, as the ESP32 already has wireless capabilities.
Despite the positive results, future research can be done to investigate the use
of alternate forms of tactile feedback. The viability of alternate forms of input, such
as pressure, stretch and heat, will certainly add more layers of information between
the user and the virtual objects, providing a more immersive level of interaction.
Adding additional forms of tactile feedback may also be beneficial to users under-
going medical training.
All things considered, an interesting design was proposed for tactile devices that
can be used not just in VEs, but also in AEs. In combination with provided enhance-
ments and refinements, this will provide an opportunity to increase the usability of
haptic devices and enhance the user experience. We are curious about the progress
in the field of tactile feedback and looking forward for better implementations of this
technology in the near future.
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Appendix A
Arduino Code
A.1 TOF sensor
#include "Arduino.h"
2 #include <Wire.h>
4 #define I2C_ADDR 0x29 ///< The fixed I2C address
6 // Interrupt configuration
#define INTERRUPT_CLEAR 0x015
8 // Fresh out of reset bit
#define SYSTEM_RESET 0x016
10 / Trigger Ranging
#define RANGE_START 0x0181
12 // Range Status for errors
#define RANGE_STATUS 0x04d
14 // Interrupt status
#define INTERRUPT_STATUS 0x04f
16 // Range reading value
#define RANGE_VAL 0x062
18
/ Class for managing connection and state to a VL6180X sensor
20 class Adafruit_VL6180X {
public:
22 Adafruit_VL6180X ();
uint8_t Read(void);
24 uint8_t readRangeStatus(void);
26 private:
void loadSettings(void);
28 \\write values to the bit
void write8(uint16_t address , uint8_t data);
30 void write16(uint16_t address , uint16_t data);
\\read values from the register
32 uint16_t read16(uint16_t address);
uint8_t read8(uint16_t address);
34 };
LISTING A.1: Arduino VL6180x -Header
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int VL6180X_Init () {
2 char reset;
reset = ReadByte(SYSTEM_RESET);
4 if (reset ==1){ %check initialization
load_settings (); %load initial settings
6 WriteByte(SYSTEM_RESET , 0x00); %change status to 0
}
8 return 0;
}
LISTING A.2: Arduino VL6180x - Initialization
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A.2 DRV2605 Motor Driver
1 #include <Wire.h>
#define DRV2605_ADDR 0x5A // Device I2C address
3
#define STATUS 0x00 // Status register
5 #define MODE 0x01 // Mode register
#define MODE_PWMANALOG 0x03 // PWM/Analog input mode
7 #define MODE_AUTOCAL 0x078 // Auto cal mode
#define RATEDV 0x16 // Rated voltage register
9 #define CLAMPV 0x17 // Overdrive clamp voltage
#define CALCOMP 0x18 // Auto -cal compensation register
11 #define CALEMP 0x19 // Auto -cal back -EMF register
#define FEEDBACK 0x1A // Feedback control register
13 #define CONTROL1 0x1B // Control1 Register
#define CONTROL2 0x1C // Control2 Register
15 #define CONTROL3 0x1D // Control3 Register
#define CONTROL4 0x1E // Control4 Register
17
\\ function declaration
19 class Adafruit_DRV2605 {
public:
21 Adafruit_DRV2605(void);
boolean init();
23 void writeRegister8(uint8_t reg , uint8_t val);
uint8_t readRegister8(uint8_t reg);
25 void setMode(uint8_t mode);
void useERM ();
27 void useLRA ();
29 private:
TwoWire *_wire;
31 };
33 \begin{lstlisting }[label={list:tenth}, caption=DRV2605 -
Initialization for LRA]
void motor_init () {
35 _wire ->begin();
writeRegister8(MODE , 0x00); %Remove from standby
37 writeRegister8(OVERDRIVE , 0x00); % no overdrive
writeRegister8(FEEDBACK , 0xB6); %LRA mode
39 writeRegister8(CONTROL1 , 0x17); %Set LRA drive time
writeRegister8(CONTROL2 , 0xF5); %Set LRA sampling time = 300 s
41 writeRegister8(CONTROL3 , 0x80); %Set LRA PWM -input mode
}
LISTING A.3: DRV2605 - Header
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Appendix B
Mechanical Design
FIGURE B.1: Prototype 1: First prototype to test the fit on the
finger based on the optimal width
FIGURE B.2: Prototype 2: Initial prototype to test position of
the actuators on the upper side of the body. Even with some
dampers placed between the actuators and the main body, the
vibrations spread through most of the structure.
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Appendix C
Questionnaire
